Since 1990 years, EU legislation has also been applicable to non-road vehicles, including tractors used in the agricultural sector.
main pollutants of diesel engines, in the middle and upper power classes have been reduced by about 95 %. This could only be achieved by the intensive further development of both engine and exhaust gas technologies. HAFL and KIT explain the development and some underlying technical relationships in this sector, with a classical tractor diesel engine being used as an example. 
AU T H O RS

MOTIVATION
As regards cars, a rather persistent trend is downsizing of combustion engines. Compared to predecessor engines, displacement is decreased, which is compensated by charging. Development of tractor engines, however, has been characterised by the trend of higher mean effective pressure at constant displacement. By increasing the torques, outputs were enhanced. In the range from 100 to 140 kW, smaller six-cylinder engines (1 to 1.15 l displacement per cylinder) were increasingly replaced by four-cylinder systems. In principle, this may also be referred to as downsizing. Still, the size of existing engines remains the same, while use focuses on the next smaller engine series. This article deals with output increase at constant displacement. Taking the 6-cylinder diesel engine of 6.8 l displacement by John Deere as an example, development of tractor engines in the past twenty years is outlined. In addition, the engine and exhaust gas technologies chosen by the manufacturer to comply with the increase stricter emission limits are highlighted. In 1993, the above engine was first installed in the tractor model 6800. It increase replaced the six-cylinder machine of 5.9 l displacement that had been used until then in the range from 70 to 90 kW. TABLE 1 illustrates the development of tractor models manufactured in Mannheim. The data were taken mainly from sales documents. Some were obtained directly from John Deere or sales partners.
CHARGING POTENTIAL RECOGNISED EARLY
As early as in the mid-1990s, the potential of modern technologies tractor engines, for example turbocharging and common-rail injection, was reported in several publications [1, 2] . Engine outputs per unit of displacement of the 4 to 8 l classes relevant at that time were prognosticated to reach an average of 30 kW/l by 2012. Today, engine outputs per unit of displacement indeed are in the range of 30 to 45 kW/l. Current displacements and numbers of cylinders, however, differ strongly from the prognosis. Three-cylinder engines are barely used anymore. In the transition range from 100 to 140 kW, smaller aggregates of six cylinders (1 to 1.15 l displacement per cylinder) are increasingly replaced by four-cylinder engines, FIGURE 1. Larger six-cylinder engines have an increased output at constant displacement. This development is closely linked with turbocharging that is currently applied in nearly all tractor engines to comply with exhaust emission limits. The continuously variable power-split transmissions frequently applied in tractors are characterised by high conversion ranges and, hence, offer ideal conditions for the conversion of high torques as well [3] .
NO CLASSICAL DOWNSIZING
When looking at the 6.8 l reference engine, it can be seen that maximum torques in top tractor models have increased from 536 to 1167 Nm since 1993. This corresponds to a factor of more than two, even when considering the different measurement standards applied (ECE-R24, 97/68EG). When taking into account the additional torque resulting from the boost feature applied today, the increase is even more pronounced. Specific work of the engine, the mean effective pressure, increased accordingly. In the current top model, mean pressure reaches about 23 bar at maximum torque with boost (97/68EC). The constant torque rise of 38 to 40 % and the higher output at constant nominal speed of 2100 rpm allow the conclusion to be drawn that the torque at nominal power also increased considerably. This caused the output per unit displacement to rise as well, FIGURE 2. This is no downsizing, as displacement was not Tractor model  6800  6900  6910  6910S  6920S  6930  7530  6210R  6215R  6250R   Introduction year  1993  1995  1997  1999  2002  2007  2008  2012  2016  2017   Emission stage  --I  I  II  III A  III A  III B  IV decreased, FIGURE 2 and FIGURE 3. It may rather be compared to downspeeding, FIGURE 3. Downsizing means that displacement is decreased at constant load. The engine is subjected to a higher specific load, as a result of which emissions and consumption are reduced. The key technology used for this purpose is turbocharging. It has been applied in car combustion engines for several years now. Another option is downspeeding. In this case, displacements are about the same, while speeds are reduced. With the help of accordingly adapted gear ratios, consumption can be reduced to a similar extent [4] .
CHARGING AS A KEY TECHNOLOGY
In the top models manufactured in Mann heim, the reference engine always was equipped with turbocharging. Before stricter exhaust gas emission limits were ATZ offhighway worldwide 04|2017
adopted, manifold pressure at nominal speed ranged from 0.7 to 0.9 bar. Charging means that air of a density higher than that of ambient air is supplied to the cylinders of the combustion engine. With the increased air mass flow, an increased fuel mass can be injected and the engine output rises. Density is increased by means of a charger that increases pressure. As this also causes the temperature to rise, density does not increase to the same extent as pressure. By cooling the charged air in a downstream cooler, air density at a certain pressure can be increased considerably [4] . In the reference engine, charge air cooling was first applied in the late 1990s and since then has been one of the basic features. Thanks to the positive impacts of smaller peak temperatures on NO x emissions, there are hardly any tractor engines that are not equipped with this system today. In 2002, John Deere completely revised the engines and switched to fourvalve technology and common-rail injection. Thanks to four-valve technology, cross-sections of the inlet and outlet valves were increased and cylinder filling was optimised [4] . Another advantage of this technology is the possibility to arrange the injectors in the centre and vertically above the combustion chamber. Together with accordingly shaped piston recesses and adapted injection geometry, this leads to a better fuel distribution. Another important step with respect to charging was the introduction of turbochargers of variable geometry (VGT) in 2007. Using adjustable turbine vanes, maximum air quantity can be combined with a good response behaviour at low exhaust gas enthalpy. This helps improve transient response in case of acceleration and load skips as well as mixture formation under varying operation conditions. Apart from the turbocharger of variable geometry, the current top model is equipped with another big- ger charger. At low to medium loads, a variable turbine is applied. In the hightorque range, it is supported by the bigger turbocharger of fixed geometry. Optimisation of both turbochargers in their map ranges further improves their transient responses and reduces emissions [5] . Manifold pressure at nominal speed is in the range of 2.25 to 2.45 bar. Compared to pressures of previously applied standard chargers, this corresponds to an increase by a factor of about three. Much higher pressures are reached at the operation point of the maximum torque.
In the latest version of the reference engine, two-stage charging is not used to reach high peak pressures (3 to 3.5 would be possible), but to maintain a high-pressure level over a wide range of speeds down to the start-up speed of 1000 rpm. This also explains why the compression ratio has been kept at 17:1 in spite of twostage charging. Normally, use of this charging technology leads to a slight decrease of compression ratios [6] .
EARLY USE OF COMMON-RAIL TECHNOLOGY
Another important element in complying with emission limits is the injection system. Initially, mechanically controlled radial piston distributor pumps were used in the reference engine, followed for a short term by electronically controlled VP44 pumps of the same design by Bosch. Since 2002, the common-rail storage injection system has been applied. The reference engine was one of the first tractor engines with this new injection technology (in standard road vehicles, this technology was applied widely after 1997). Constant further development has resulted in maximum pressures of 2500 bar being reached by the youngest generation nowadays. Considering the last twenty years, this means an increase by about a factor of four. Separation of pressure generation and injection yields additional degrees of freedom, thus enabling multiple injections (pre-injection, main injection, post-injection), for instance. It also is an advantage that injection pressures are no longer dependent on the engine speed and, hence, can be adjusted over wide ranges. Consequently, mixture formation can be adapted to various states of operation and emissions can be reduced. Pre-injection, moreover, reduces engine noise. Increase in injection pressures, however, is associated with a high technical expenditure and, hence, high costs. Pressures in the reference engine increased in line with new stricter EU emission standards, which allows the conclusion to be drawn that emission legislation was an important technology driver, FIGURE 4.
COMBINATION OF EXHAUST GAS TECHNOLOGIES
Upon introduction of EU exhaust Stage III A, the reference engine for the first time was equipped with external cooled exhaust gas recirculation (EGR). By recirculating certain exhaust gas quantities in the partial-load range, combustion temperature can be lowered and formation of NO x in the combustion chamber can be reduced significantly. For compliance with EU stage IIIB limit values, EGR had to be complemented by exhaust gas aftertreatment systems, such as a diesel oxidation catalyst (DOC) and diesel particulate filter (DPF). With this, John Deere decided in favour of cold combustion, the focus lying on engine-out emissions of particles and their reduction by EGR, adapted motor settings, and a DPF. The alternative of warm combustion would focus on engine-out emissions of nitrogen oxides (NO x ) and aftertreatment by SCR catalysis. In principle, one exhaust species inside the engine can be reduced, while the other species is subjected to aftertreatment [4] . For EU Stage IV, the EGR/DOC/DPF combination of the reference engine was complemented by an SCR catalyst, FIGURE 5. Compared to engines of other tractor manufacturers, the resulting setup is relatively complex. In view of the next EU exhaust Stage V ATZ offhighway worldwide 04|2017 that will become effective in 2019 and be associated with even lower PM limits and an additional limitation of the particle number (PN), however, this approach appears to be logical. Output and emission measurements in a PTO dynamometer suggest that the setup currently used by John Deere might already be EU Stage V-ready [7] .
SUMMARY
With the 6.8-l engine by John Deere being used as an example, the high development expenditure driven by exhaust gas legislation for tractor engines in the past twenty years can be illustrated well. Classical downsizing is hardly implemented. Instead, the approach of higher mean effective pressure at constant displacement is applied. Considerable increases in torque and output are achieved. Electronic engine control, four-valve technology, turbocharging, charge air cooling, and common-rail injection are standard systems of modern tractor engines as are DOC and SCR exhaust aftertreatment systems. When EU Stage V will become effective in 2019, all manufacturers will presumably use DPF systems as well. Then, NO x , PM, and PN emissions and the required engine and exhaust gas technologies will about correspond to those of Euro-VI trucks.
